. In this study, we demonstrate that the convergence of like axons in the olfactory bulb onto
We have shown previously that a null mutation in Cnca, the gene encoding the ␣ subunit of the olfactory CNG spatially invariant glomeruli is unaltered in these mutant mice. We further show that the pruning of mitral cell channel, causes the elimination of odor-evoked excitatory responses in olfactory neurons (Brunet et al., dendritic projections, although slowed during development, is ultimately indistinguishable in CNG mutant and 1996). In addition, most mutant mice die shortly after birth, probably due to an inability to nurse (Brunet et al., wild-type animals. Thus, the olfactory CNG channeland by inference correlated presynaptic neural activ-1996). Nonetheless, it is possible to raise a subpopulation of mutants to adulthood, despite the persistent abity-is not required for the establishment of the highly ordered synaptic connections that define an olfactory sence of odor responsivity. Based on the expression of a number of molecular markers, olfactory neurons sensory map in the olfactory bulb. mature normally in the absence of functional olfactory 1996). Using gene targeting, a cassette that contains an internal ribosome entry site (IRES) directing the transla-CNG channels (Brunet et al., 1996) . Histological analyses in adults indicate that the outermost olfactory nerve tion of the tau::lacZ fusion protein was inserted immediately downstream of the P2 odorant receptor stop codon layer is present and glomerular structures are formed (Figure 1) . However, the bulbs from adult hemizygous (Mombaerts et al., 1996) . Cells that express this modified P2 allele now express the tau::lacZ marker (which can be mutants are markedly smaller than those from control animals, with a decrease in the thickness of all cell layers visualized by histological staining for ␤-galactosidase activity) along with the P2 receptor. In these genetically (Figure 1) Because of the dramatic differences in bulb size, it is not possible to determine whether specific receptorlocated on the medial and lateral surfaces of the olfactory bulb ( Figure 1A ; Ressler et al., 1994) . In situ hybridexpressing neurons in fact converge to the same glomeruli in wild-type and mutant adult mice. We observed ization with the M50 receptor in CNG channel mutant adult mice detects a comparable pattern of glomerular that the reduction in olfactory bulb size in olfactory CNG channel mutants is not yet manifested in neonatal mice. convergence ( Figure 1B) . The locations of these sites of convergence are similar in all animals examined.
It was therefore instructive to assess the relative positions of glomeruli in neonates expressing the P2-IRESPrevious studies have shown that neurons expressing a given odorant receptor can innervate one or two glotau::lacZ allele. We analyzed olfactory tissue from pups obtained by crossing CNG channel mutant mice with meruli at each site of convergence in the olfactory bulb (Mombaerts et al., 1996; Royal and Key, 1999) . The pro-P2-IRES-tau::lacZ mice. Snouts were bisected sagittally to reveal the olfactory turbinates and the medial surfaces portion of sites that display one versus two receptorspecific glomeruli is variable, however, and in some inof the olfactory bulbs. Staining of these whole-mount preparations for ␤-galactosidase activity reveals recepstances the fraction of "double" glomeruli sites has been reported to be as high as 85% (Royal and Key, 1999) .
tor P2-expressing cells in the olfactory epithelium, as well as their axonal processes, which can be observed We find by in situ hybridization that M50 neurons converge to one or two closely situated M50 glomeruli on as they project into the olfactory bulb and converge to the medial glomerulus (Figure 2 ). At this level of resoluthe medial and lateral aspects of the olfactory bulb in both wild-type and mutant animals. In eight wild-type tion, it appears that the blue axons converge to a region in the mutant bulb ( Figure 2B ) at a position comparable animals examined, 64% Ϯ 27% (mean Ϯ standard deviation) of M50 convergence sites consist of a single gloto that observed in the wild-type preparation (Figure 2A ). Staining of tissue sections taken from other neonatal merulus, and the remaining sites comprise two glomeruli (total of 29 sites scored). In nine hemizygous CNG chanolfactory bulbs confirms that the receptor P2-expressing cells converge to one or two glomeruli on the lateral nel mutants, 44% Ϯ 31% of the M50 sites contain a single glomerulus, with the remaining sites containing and medial aspects of the bulb ( Figures 2C and 2D) . In wild-type animals, 40% of the P2 convergence sites a pair of glomeruli (total of 29 sites scored). Convergence to sites containing one or two spatially defined glomeruli consist of a single glomerulus and 60% reveal two glomeruli (n ϭ 4 animals, 15 sites scored), whereas in muis also observed with probes for the M71, A16, and P2 odorant receptors, although fewer animals were examtant mice, 67% of the P2 sites are single glomeruli and 33% consist of two glomeruli (n ϭ 5 animals, 18 sites ined with these receptor genes (data not shown). These results indicate that, to a first approximation, the converscored).
We also examined the relative positions of the M50 gence of sensory axons to appropriate target glomeruli proceeds in the absence of odorant-evoked activity. and P2 glomeruli in mutant and wild-type mice. Alternate serial sections from olfactory bulbs of P2-IRES-tau::lacZ RNA in situ hybridization to specific receptor RNAs in axonal termini provides one indication of convergence, adult mice were subjected to M50 in situ hybridizations or ␤-galactosidase staining. In bulbs from both wildbut does not allow us to follow the projection pattern of all neurons that express a specific odorant receptor. type and olfactory CNG channel mutant mice, the order along the anterior-posterior (A-P) axis is: lateral P2 gloSmaller numbers of stray fibers that may have targeted to additional glomeruli, or perhaps failed to enter the merulus → lateral M50 glomerulus → medial P2 glomerulus → medial M50 glomerulus. In the hemizygous CNG glomerular layer altogether, would have escaped detection owing to the limited sensitivity of this method. We channel mutant, we observed ‫003-002ف‬ m spacing between the lateral P2 and lateral M50 glomeruli (vs. therefore employed a genetic approach in which the axons of cells expressing a specific odorant receptor ‫043-082ف‬ m in the wild type), ‫08-06ف‬ m spacing between the lateral M50 and medial P2 glomeruli (vs. are labeled with a tau::lacZ reporter (Mombaerts et al., cell body into the external plexiform layer. These denmV) and sets an upper limit for the smallest response drites lack any tufted specializations at their termini and that can be reliably detected (see Brunet et al., 1996) . are uniform in thickness and in length ( Figure 4A ). At 3 Together our observations demonstrate that receptordays of age (P3), mitral cell dendrites have increased in mediated signaling does not occur at embryonic stages length and appear to contact several glomeruli. In many in mice lacking the olfactory CNG channel ␣ subunit cells, a single primary dendrite could be identified that gene and argue against the possibility that such signalwas thicker than the surrounding dendrites ( Figure 4B ). ing could play a role in the genesis of olfactory neuron This thicker dendrite was also found to possess a rudimentary tuft at its terminal projection, while surrounding convergence in the olfactory bulb. Figure 5D ). In slightly well-developed tuft that innervates a single glomerulus ( Figure 4D) . Some mitral cells, however, still maintain older P4 and P6 mutant pups, however, the proportion of mature mitral cells with single primary dendrites apcontact with two or more glomeruli. In the adult, the vast majority of mitral cells (Ͼ85%) exhibits a single pears to be less than that of the controls. To determine whether these impressions were correct, we quantified primary dendrite (see Table 1 ).
We next examined the pruning of mitral cell dendrites the rate at which mitral cell dendritic development proceeds in normal and mutant mice (Table 1) . Individual in olfactory CNG mutant mice to determine whether Other models invoke activity-dependent processes that reached a plateau, mitral cell morphologies were scored in adult mice. No difference in the proportion of mitral operate in concert with target-derived guidance cues to achieve the precision of connections between the cells exhibiting the three defined dendritic morphologies could be seen between hemizygous mutant and heteroolfactory neurons and the bulb. In one such model, spontaneous or evoked activity in olfactory sensory neuzygous or wild-type adults (Figures 6A-6C ; Table 1 ). An identical series of experiments was carried out with rons might play a permissive role in the guidance process, such that the firing of sensory neurons would be mutant mice bred in a different isogenic background and produced similar results (data not shown; see Exrequired to allow a genetically encoded targeting process to unfold. Activity might also play a permissive role perimental Procedures). Thus, the maturation of mitral cell dendrites appears to be largely unaffected by the in the strengthening or stabilization of synapses once formed within appropriate glomeruli. In an alternative absence of odorant-evoked activity. The reduced rate of pruning observed from P4 to P6 may be due to the model, the correlated firing of olfactory neurons could play an instructive role in the establishment of a sensory absence of odorant-evoked activity but is more likely the result of secondary developmental defects. role in the generation and refinement of a topographic of the olfactory sensory map. Our results are consistent with previous studies that showed that mice deficient map.
In this study, we address the potential role of correin the olfactory-specific G protein, G olf , exhibit normal patterns of olfactory neuron convergence in the olfaclated neuronal activity in the establishment of the olfactory sensory map. Mice lacking the olfactory CNG chantory bulb (Belluscio et al., 1998). However, residual odorant-evoked activity in neonatal G olf -deficient mice prenel fail to exhibit odorant-evoked electrophysiologic responses to a wide range of odor stimuli. We nonethecluded a definitive conclusion with regard to the role of neural activity in the patterning of synaptic connections less find that the convergence to appropriate target glomeruli by cells expressing either the M50 or P2 odorant in the olfactory bulb. The conclusion that olfactory experience and correreceptors is unaffected in CNG channel mutant mice. The relative spacing and order of the M50 and P2 glolated neuronal activity are not required for synaptic patterning in the olfactory bulb should be tempered by the meruli are maintained, suggesting that other olfactory neuron populations are probably also unaffected in the following considerations. First, despite the maintenance of the relative spacing between P2 and M50 glomeruli mutant background. These data argue strongly that olfactory experience is not required for the establishment in mutant and wild-type mice, we cannot discern with absolute certainty whether the points of convergence of precise patterns of afferent innervation in the olfactory bulb. Since it is difficult to envisage a mechanism to are indeed identical in both genetic backgrounds. Second, we frequently observe multiple glomeruli at the correlate the activity of randomly distributed neurons expressing the same receptor without odor-evoked sites of convergence in both wild-type and mutant bulbs. Analysis of the projections of M50 neurons reveals a stimulation of receptors, our data further imply that correlated neural activity is not required for the generation greater frequency of "double" glomeruli than is ob- Together these results indicate that odorant receptors are reglomeruli is physiologically meaningful or whether it results from errors in the targeting process that may reflect quired for olfactory neurons to extend their axons to the correct glomerular target, perhaps by recognizing dramatic differences in basal neuronal physiology between mutant and wild-type mice. Third, we cannot rule specific guidance cues (see also Lin and Ngai, 1999) . Our findings with the CNG channel knockout mouse out the possibility that activity-dependent synaptic competition underlies a refinement process during converargue that, to the extent that odorant receptors are involved in this process, they must operate via a signaling gence. In the mammalian visual system, diffuse and overlapping inputs are observed when activity from both pathway independent of CNG channel function, and therefore independent of the sensory transduction patheyes is eliminated, but when activity from one eye remains, columns from the active eye occupy a greater way employed by these cells to elicit stimulus-evoked changes in membrane potential. area than those from the inactive eye ( synaptic specificity in the olfactory system: how is the dendritic arbor refined to assure that a given mitral cell Our observation that correlated neural activity does not play a significant role in the formation of the olfactory will synapse within only one glomerulus? In one model, the ultimate target of a given mitral cell dendrite is predesensory map underscores the importance of the molecules that might direct this developmental process. Getermined by genetically encoded guidance or survival cues that specify the pruning process. 
